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Batkpptotd Clinical Studies have suggested chat smooth 
muscle cell (SMQ hyperplasia is rite most likely cause of 
in-sient re5teuo$w. However, pathological dar^regarding this 
issue- are limited. Specifically;, direct evidence erf proliferative 
activity in tissues excised from Stenotic stents has not been 
previously reported. 

Methods and jftesutif Tissue specimens Were retrieved by 
directional atherectomy from 10 pati&tm in whom in«st&nt 
restenosis cc^piieued- percutaneous TeVfcscuIsrizBtiott of pe- 
ripheral artery disease. Analysis of cellular composition was 
performed quantitatively after cell-specific immunostaining. 
For specimens preserved, in methanol (7 of 10), cellular prolif- 
eration was evaluated, by use of antibodies to proliferating cell 
nuelear antigen (PCNA), cyclin E, and cdk2, TUNEL staining 
foT apoptosis was pprf ormed oii 8 psrafonnaldchydfc-prwcrvcd 
specimens- Each of the 10 specimens contained extend loci 
of hype/celJoUriry cjomposed predominantly of SMCs 



PercuU&cous delivery of balloon- expandable stents 
has baen shown to reduce the frequency of 
■ restenosis. u When restenosis does occur within 
a stent, Stich lesions have been considered to result from 
intimaj proliferation.* Published pathology data regard- 
ing this issue in humans, however, are limited.*- 5 Specif* 
ically, direct evidence of proliferative activity in tissue 
retrieved .from stenotic stents has not been reported 
previously. Because di&Jcal experience has suggesusd 
that directional atherectomy for treatment of in-steut 
restenosis is unsuitable for coronary ar lories, M we stud- 
ied a consecutive series of 10 specimens retrieved by 
directional atherectomy from patients with b>stent reste- 
nosis of noncoronary sites. Cell type-specific and cyclic 
specific inrmunosraJns were used to Identify evidence of 
cellular proliferation imd thereby characterize the basis 
for in-stent restenosis. 

Methods 

Patients 

Clinical detail* 'regarding the patents from whom the Spec- 
imens described & this report wercj retrieved are summarized 
in Table 1. . * 



Received January 22, 1997; revision received fcbrUary 25. 
aCcepfccd February 28, 1997. . " 

From the pepartmeets of Mqokuw (Cardiology), Pathology, 
and Biomedical Research; St Elizabeth's Medical Center, Tnfo 
University School of Medicine, Boston, Mass. 

Correspondence to Jeffrey M. Isaer, MD, 5c Elizabeth's Medical 
Outer, 736 Canibpd^ St; Bkstfoo, MA 02135. 

® 1997 American Heart' Association, Inc. 



(means SEM, 59.3 £3,096). Evidence of ongoing proliferative 
activity was documented in all 7 methwwl-p reserved speci- 
mens: 24.6+2.3% of SMCs wore PONA-positiVe, 24.8±3.19& 
w&re cyclin E-pasidve, and 22-5 ±2-2% were cdJO-posftive. 
Apoptotfc cells w Q r© detected in all 6 specimens that had been 
appropriately preserved to permit DNA niclc-end labeling. 
Macrophages and leukocytes were identified in each of (he 10 
specimens but accounted for a proportionately g mailer number 
of tcljs (l44±l-9% and 9-5 ±1.4%, respectively). Organized 
thrombus, was observed in 6 of the 10 specimens. 

Conclusions Ttiese findings support the notion that in-5Unt 
restenosis results from SMC hyperplasia and suggest that 
adjunctive- therapies designed to inhibit SMC proliferation may 
further enhance the utility of cndovascular stents. (OrcuLtdoa. 

Key Wards * scenes * restenosis ■ muscle, smooth ■ 
cycltns 



Specimen Retrieval and Preparation 

All specimens were retrieved percutaneously by dtreefkma) 
atherectomy. 10 Tissues were fixed in either 109& buffered 
formalin (n=;3) or methanol (n=7). In addition, n 

portion of tissue from 8 patients also preserved io 4% 
paraformaldehyde fixative to permk DNA nick-etid labeling 
(see below). All tissues were embedded in parafliti, cut al 
iotervals, and stained with hematoxyiin-eosin, elastic 
triehreme, and tmmonohisiocheTnical stains for SMCs, macro- 
phages, and leuloxytes (see below). Irnjnunostainmg for 
PCNA, cyclin E, and cdk2 w*rc used to establish evidence of 
proliferative activity among cellular elenwjfc io the atherec- 
tomy specimens J* Because formalin fixation has prcviousiy 
been shown to attenuate the- antjgtoiejty of PCKA,"* U we 
limited injutminostatofog for PCNA, eycJin. E, and cdk2 to 
sections ftura those specimens that had been preserved io 
100% methanol; sections of human tonsil 12 were used as a 
positive control 

Antibodies 

Ixnmimohistochemical staking for proliferating ecus was 
carried out with * mouse MAb against human PCNA (Signet) 
as well as two rabbit polyclonal antibodies against cydin E and 
cdk2 (Santa Cru*). SMCs and macrophages were identified 
witfx an cz-actin aOalmcphosphatase-conjugated MAb (Sigma) 
and HAM-56 MAb (Enzo), respectively. Lenkocytei were 
Woubficd with an MAb to CD-45 (Dato), 

Iramunohis to chemistry 

a Imnumoperojtidase staining was performed on serial ^ec- 
nons.^ This involved blocking endogenous peroxidase wJth v 3% 
hydrogen peroxide, preincubation m blocking scrum, and ap- 
plying the primary antibody at the appropriate dilution (PCNA 
1:40; cyclin E, 1:X00; cdkZ, 1:400; a-Bttin, l;3G0 ; HAM.56 
tindfluted; and CD^5 t X^O) overnight a l 4 e C A biotbivlated 
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Sdccfcdf Abbreviations a Kid A<TQDyttis 
MAb b nrrtaoclooaJ antibody 

PCNA = proliferating <*U rwcle&r antigen 
SMC$ - smootn muscle oalU 



anti-raouso or anti-rabbit secondary antibody (Signet) ffas then 
applied for 30 roirvutes at room temperaturej followed by a 
strcptavidm-horstradish peroxidase complex. Sections were 
rinsed with PBS and visualized by incubation with either 0.05% 
(wt/yol) 3,3'-ditarimobenzidine tettahydrochloride dfoydrau^ 
3-amiiiO'9-&t}rylcarbazole > or fa$e red substraie. A counters fcara 
of 10% OI It's hematoxylin was applied before covcrslipping. To 
detect apoptosis in situ, jfagmo&tcd DNA was nick-end labeled 
with blotinylated dUTP introduced by terminal deoJ^trans- 
(erase and then stained with avidio-conjueated peroxidase. 1 * 
For each tissue, one section was processed as a positive control 
by pretreatmem with DNase I, 1 n£/rrX< (Sigma), and one 
negative control v/as incubated m the absehce of ihe Lerrmna) 
deoxytrwisferas* enzyme* 

Light Microscopic Analysis 

Hematoxylin-eo<;in-$tai7ied stetioos were used to q$$g& the 
presence of inflammatory colt infiltrates, calcific deposits* or- 
ganized thrombus, foam celts, and cholesterol clefts. Elastic 
tissue-stained sections were used to as&ess the presence of 
media and adveotitia. Quantitative analysis for each imroiuJO- 
stain wax performed by manually counting all cells in five 
randomly chosen high-power fiolds (X60Q); resells of these 
quantitative analyses are reported as the perc&ntage 
(mcan^SEM) of positively stained cells among the five, high- 
power fields. 

Results 

The quantitative results of pathological examinations 
performed on atherectomy specimens retrieved from 
sites of iD-stenl restenosis are summarized in Table 2. 

CeJlularity 

All 10 specimens contained extensive foci of hypercel- 
lularity (Fig 1). These foci were composed of tt*aotm- 
positive cells with pbenotypic characteristics of "aeu- 
vwd" SMCs, 13 including stellate morphology, 
Surrounded by a loose, light-staining extracellular ma- 
trix, in all 10 specimens, of-actin-posirjvo cells represent- 
ed the predominant tell type (mean±SBM, 59.3±3-0%). 



Evidence of ongoing proliferative activity was docu- 
mented in all 7 spedmens that were preserved in meth- 
anol fixative for irjamtmosr^uuxg with anybodies to 
PCNA, cydin E, and cdk2. Double imrnvaost^iniiig (Fig 
2) indicated that most PCNA-, cycJin B~, and cdk2- 
positive cells were SMCs. Analysis of five randomly 
selected high-power (X600) fields from each of these 7 
specimens indicated that 7A.6±%3% (16.7% to 36.0%) 
of the SMCS were PCNA-positive, 24J3:i3,i& (14,0% io 
40.5%) were cydin E-positive, and 22£±2*2% (1Z8% 
to 30,0%) wexe cdk2-posidve, 

Apoptosis 

Apoptodc cells were detected in all 8 specimens that 
had been appropriately preserved to permit PNA nick- 
end labeling (Fig 2). The extent of apoptotic cells 
(12J2±Z9%) Vvas much greater than that described 
previously in atherectomy specjoweriS retrieved from 
restenosis lesions,** 

Macrophages and leukocytes were identified in all 10 
specimens but accounted for a proportionately smaller 
number of cells (14,5±1.9% and 9,5±1.4% r respec- 
tively) (Fig 2). Foam cells were not observed in any 
specimen. 

Thrombus 

Thrombus was observed in 6 (60.0%) of 10 specimens; 
in all eases, thrombus was organized and integral to the 
excised tissue, as opposed ro periprocedural collections 
of red blood cells. In all 10 cases, thrombus was limited 
to <5% of the area of the specimen. 

Other Findings 

Media was observed in One specimen retrieved from 
the superficial femoral artery; this portion of the speci- 
men wa$ excluded from further analysis. Advenrjtfa was 
not observed in any specimen. Focal calcific deposits 
were limited to a single specimen. 

Discussion 

Because stents are considered to neutralize geometric 
effects* including remodeling, 16 development of resteno- 
sis after stent implantation has been attributed princi- 
pally to SMC proufbratbn. Successful application of 
btravascular radiation to limit thic&enrng of stent neo- 



Table 1. Clinical Findings In 10 Patients With Ih-Gient Restenosis 



Stem 



Patient 


Sex 


Ago,y 


Type 


No. 


Site 


Dt, mm 


CSA,, men* 


csa,. mm* 


etCnt-DA 
Intorv&T, mo 


1 


F 


69 


SEx 


2 


5FA 




17.0 


9.6 


11 


2 


F 


38 


BE* 




SFA 


$-3 


22.2 


7.0 


19 


3 


M 


64 


BEx 


a 


5FA 


4.7 


17.8 


S.1 


7 


4 


M 


&5 


2Bx 


2 


SFA 


4.6 


10.9 


A2 


G 


5 


F 


65 


BEx 


4 


SFA 


4.4 


19.6 


5-1 


6 


6 


M 


65 


B£x 


a 


SFA 


&7 


25^ 


7.4 


12 


7 


F 


S3 


SE* 


1 


SCA 


&5 


26.0 


1.0 


4 


6 


F 




BE* 


1 


CIA 


7.3 


3B.5 


2.2 


10 


9 


M 


64 


BEx 


5 


UA 


<J.S 


31-6 


2$ 


25 


10 


M 


67 


SEx 


1 


RlA 


6.0 


28.6 


3.& 


10 



No. irxfcales number of etenta; D-,, irt&iaf drameter; CSA. (uminal cross-sectJonai area: CSA,. luminal Cross-SGCttonai area at ttme of pa for 
restenciais: DA, dtpsclional aihcrBCwmy; S^x. s^lf-o( pending (Welbtenl. SchneiOo); BGk, tsanoon-^xp^nfiteblc |P3fmaz, Johnson & Johnson interventional 
SysiamaJ; SFA. supertcUl 1&nor# artery- SCA, subefcvran IrtOfy; OA» «mmon Htas artecy: LlA, left Rloc orrery; end RlA r right Hip* artery. 

•in trv» patients (patterns z, 4. and 5). mild lo moaeraie SlewslS extendoe bayond the sten! margins: in the remaining patients stenosc was limited 
lo me «en( rnanjins. 
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1 

2 

4 

5 
6 
7 

a 

9 
10 



36.0 
38.4 
60.6 
*1»B 
52.2 

si .a 

49. 6 
40.0 
52.fi 
£0.8 



16.0 [U.4) 

324(374 
36.2 (59.7) 

97-3 (72.q) 
31,2 (fiD^) 
27.2 (644 

4Q.A (7B.5J 
30.4(59.6] 



7-4(204 

3-0(74 
10,0 (164 

8.9 (194 
7,6 04-6) 

33(7.7) 

3.2 [234 
4.4 <fl.?) 



7.0(19.4) 

2.2(5.73 

4.8(74 

5- 8f114 
5^2 (104 

6- 4(T2.4) 
3^0(6.0) 
3-8 (94 
2,4(4.5) 
4.D (7.9) 



8.0(22.2) 

ND 

NO 
13.4(2^0) 

ND 
10.6 £204 
13.4 (27.0} 
14.4 (3S,q 
MfJS.T) 
12.2 (24,0; 



8.0(25.0) 

ND 

NO 
11.2 (21.7) 

WO 
12,6 (24.fl) 
14.D (2e^2) 
16,2 (404 

7* CI 44 
10,0 (19.7) 



No. (tt) 

9*6(26.7) 
ND 
NO 
9-B (194 
NO 
13-3 £54 
11*6(23.4) 
12.0 f504 
64Q (124 
10.0(19.7) 



No. (%) 



9.4(26.1) 

4- 2 Ctt>,$) 

ND 

5.0(9.7) 

2-4(44 
WO 

5- S(11.7) 
9.4(23.6) 
2.Q&9) 
3.0(54 



□ 
0 

4- 

0 
0 



ufanu m a variety of animal models,™ 00 the premise 
ha proliferating cells display «&nc*5SSto to 
1^°°- coastitutes ^i-ct support 
.P^T derated wdodJfonEn of 
Ji 4 ^* * **** <* *• gene eS4 

rtduce . SM< * P^ration and thereby reduce 
SSLS 10 *-* *» * * stent 

Hisrological findings reported for a limited number of 
pat,ents taw suggMttd that ia-stent restenosfe? 
a«enzed by SMC hyperplasia. Pathological 

I2K by . An, ?^« « ■** regaled SMG «wta 
nal tmue Jn the tissue overlying the stent * ire5 . 



always consisted of SMO St ^S* - f ^ 
appearsmcal wfthin «- ( - ^ wth a dendritic' 
"FFcarance; within an extensive extracellular mam* » 

specifically intends t^ -. P^served in faattv* 
pcwa - inte ^a^J to preserve the untii^nicitv of 




actrvity (inserts). 
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JrL P^r. k i i^^l r ° P L 0t,C ,mmunftfit * h,ft 9- T *P- Pral.feraixna $MCa dQUbl^mmunostalnscf for *-actln and either 

55 - 1 ' - E ' ? odK V Be !S m ' Len and ? 6nt ^ *tributod macrophages (HAMS6) and iBukocytas (CD45), Bottom riohT 

tunEl staining. Arrows Identify representative positive Gaining, ' ponom ngm, 



one^i of three previous studies of native-vessel restenosis 
lesions&t-tt was interpreted to show a paucity of SMC 
proliferation after immunostaining for PCNA, we used 
polyclonal antibodies to two additional cell cycle-regu- 
latory protein^ (cyclin 2 and cdk2) to confirm the extent 
of SMC proliferation observed for in-slent restenosis. 
Double immimostaining for al! three cell cycle proteins 
and ac-actin confirmed t^at SMCs accounted for most of 
*e proliferative activity. 

The findings in this study constitute the fast direct 
evidence that SMC proliferation contributes to in-stem 
restenosis in human subjects and implies a potential role 
for adjunctive therapies intended to reduce in-stent 
restenosis by inhibiting SMC proliferation. 

The extent of cellular proliferation and apoptosis in 
The present series of in-stent restenosis Specimens ex- 
ceeds that observed in restenosis specimens retrieved 
from native vessels, i>*' 4 Cardiovascular and noncardio- 
vascuiar studies have typically disclosed a relationship 
between cellular proliferation and apoptosis, 1 * a concept 
that is consistent with the extensive proliferative activity 
demonstrated in the present series of specimens. The 
basis for this relationship between proliferative activity 
£nd programmed cell death remains to be established, 
huj a$ suggested previously, apoptosis may act to 
Hiuit the exient of cellular accumulation- 



Inflammatory cells, including foreign body granulo- 
mas formation, have been described in at least one 
previous animal stu4y. lT Although neither giant cells nor 
granulomata were observed in the present series of 
specimens, occasional inflamrjaatory cells were identified 
by CIMS imrnunostaming. A relatively small HAM-56 
macrophage population was identified as well, bm the 
contribution of both cell types to restenosis in these 10 
cases appears to be limited. 

The role of thrombus in restenosis, including in-stent 
restenosis, is enigmatic Schwartz et al 26 suggested that 
mural thrombus may constitute the primordial infra- 
structure that is subsequently colonized by activated 
SMCs. Thrombus was in fact observed in 6 of 10 
specimens (60.0%) in the present cohort and thus can- 
not be excluded as a factor contributing to the genesis of 
peripheral vascular in-stent restenosis. 

The limited number of specimens (10) in the present 
aeries may be viewed as a limitation of this study. It 
should be noted, however, that the oj^ortunily to study 
a larger irumber of specimens, particularly coronary 
specimens, has to date been limited try technical con- 
cerns regaxdrog the use of directional atherectomy 
within stents." At least two cases'* of target-stent 
disruption secondary to (coronary) *tbereexomy have 
been reported previously, ono of which required urgent 
bypass surgery. Although animal models have failed to 
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disclose evidence of sto-6pecific variation in the histo- 
pathology of in-ateat neoinrimal thickeuing/- 25 It must 
be acknowledged that the extent to wMch the patholog- 
ical features of la-stent restenosis described here in the 
lower-extremity vasculature can be extrapolated to other 
vascular bads, as well as otber types of stents, awaics 
further confirmation. 
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